Cytolethal distending toxins (CDTs) 
Introduction
Haemophilus ducreyi, a Gram-negative coccobacillus causing the sexually transmitted disease chancroid, produces a potent toxin (HdCDT) from the family of cytolethal distending toxins (CDTs) [1] . [2] [3] [4] [5] [6] [7] . The functional toxin is a tripartite complex in which CdtB is the active subunit possessing an intrinsic DNase I-like activity, while CdtA and CdtC subunits are required for the delivery of CdtB into the host cell [8] [9] [10] . The cells exposed to CDTs have been shown to arrest in the G1 and/or G2 phases of the cell cycle, or undergo apoptosis, depending on the cell type [11] [12] [13] [14] . The CDT-induced cell-cycle arrest resembles the checkpoint response to ionizing radiation, characterized by activation of the ataxia telangiectasia mutated (ATM) kinase and ATM-dependent induction of the tumour suppressor p53, phoshorylation of histone H2AX and re-localization of the DNA repair proteins such as Mre11 and Rad50 to the sites of DNA double-strand breaks (DSBs) [10, 13, 15] . Although there is currently no direct proof that CDTs are involved in pathogenicity of their hosts (for a review see [16] [17] [18] [19] . The biological impact of the activated DDR barrier in human premalignant lesions and cellular models varies according to cell types and specific oncogenic insult, however the predominant cell fates induced by such oncogenic stress are either cell death (often apoptosis) or a long-term cell-cycle arrest state known as cellular senescence [20, 21] . Among [22] . The persistent DNA damage checkpoint signalling, including the ATM-p53-p21 axis, appears to be critical for both the establishment and maintenance of the senescence phenotype, and it is shared by all types of cellular senescence reported to date [22] . Another apparently universal feature of senescence is the enhanced expression and secretion of pro-inflammatory cytokines, recently causally implicated in both replicative and oncogene-induced senescence [23] [24] [25] .
CDTs are a subgroup of bacterial proteins secreted by facultative pathogenic strains of gram-negative bacteria, such as Escherichia coli, Campylobacter jejuni, Helicobacter hepaticus, Shigella dysenteriae and Actinobacillus actinomycetemcomitans
From a broad biological perspective, cellular senescence plays important roles in fundamental processes such as stem cell and tissue homeostasis and ageing, and it has been implicated in pathogenesis of a range of devastating disorders including cancer [22] . Notably, whereas enhanced senescence may promote the organismal ageing and some ageing-related pathologies such as atherosclerosis or arthritis, it seems to play a dual role in tumorigenesis, by possibly creating a tumour-promoting microenvironment fuelled by the secreted cytokines [20, 21] , while blocking the proliferation of nascent cancer cells themselves, the latter role consistent with the anti-oncogenic barrier provided by the activated DDR mentioned above [23] [24] [25] . The sources of elevated DNA damage in tumour cells encompass oncogene-induced replication stress, telomere attrition and oxidative stress that all evoke endogenous DNA lesions including DSBs, thereby also contributing to enhanced genetic instability [19] . Chronic bacterial infections have also been implicated in tumorigenesis, as exemplified by the established role of Helicobacter pylori in gastric cancer [26, 27] ; however, whether bacterial intoxication is related to cellular senescence or genetic instability is unknown.
Based on the concept of DDR activation in response to oncogenic stress [26, 27] , and intrigued by the emerging evidence of acute DNA damage evoked by the bacterial CDTs [10, 13, 15] 
Materials and methods

Toxin preparation and treatment
Preparation of recombinant H. ducreyi CdtA, CdtB and CdtC subunits and reconstitution of the active holotoxin (HdCDT) was previously described [28, 29] [30] 
Estimation of cellular senescence in vitro
Senescence associated-␤-galactosidase assay (SA-␤-gal) was performed according to [33] with modifications described in [34] . (Fig. 1B) (Fig. 1C) , known to become acutely activated after toxin administration [13, 35] .
Importantly (Fig. 2A) . The micronuclei scored commonly positive for markers of active DDR (Fig. 2B) , indicating they originated following chromosomal breakage and missegregation of chromosomal fragments at mitosis, rather than from some defects of nuclear envelope formation. [37] .
Apart from micronuclei formation in all cell types, we also observed formation of multinuclear cells after HdCDT intoxication, a phenomenon characteristic mainly for HeLa cell cultures, in contrast to only rare multinucleated cells in intoxicated populations of normal diploid fibroblasts. Multinucleation was also reported in HeLa cells intoxicated with Escherichia coli CDT
Overall, we concluded that the rapidly induced activation of DNA damage signalling in both normal and cancerous human cells persisted for a number of days, and was often accompanied by micronuclei formation, indicating impaired reparability of the HdCTD-evoked DNA lesions and chromosomal instability.
Induction of CDK inhibitors and cell-cycle arrest after HdCTD intoxication
Consistent with a potential DDR-induced cell-cycle delay, HdCTD intoxication resulted in increased levels of p53 and its activated, Ser15-phosphorylated form P-p53(Ser15), accompanied by elevated p21 waf/cip (p21), an inhibitor of cyclin-dependent kinases (CDKs) and p53 transcription target, in intoxicated U2-OS, IMR-90 and WI-38 cells. Indeed, the toxin-induced increase of p21 was dependent on p53, since inactivation of p53 by a tetracyclineregulatable dominant-negative form of p53 in U2-OS (U2-OS p53DD
; [31] ) abolished the p21 response (Fig. 3A) . [11] [12] [13] [14] . Taken together, the surviving HdCDT-treated cells showed a prolonged activation of cell-cycle checkpoints resulting in durable cell cycle arrest. [33, 38] , was found enhanced in all cells exposed to HdCDT (Fig. 4A, and data not shown) . In addition, the numerical expansion of specific sub-nuclear compartment, PML nuclear bodies, characteristic for replicative, oncogene-and drug-induced senescence [39] [40] [41] [42] was also observed in all HdCDTtreated cell types (Fig. 4B , and data not shown).
Similarly to p21, the CDK inhibitor p16 INK4a (p16) also increased with time after intoxication in IMR-90 and WI-38 fibroblasts (Fig. 3B, and data not shown). Simultaneously, the retinoblastoma protein (Rb) became gradually dephoshorylated by day 3 after intoxication, followed by Rb down-regulation (Fig. 3B).
Fig. 2 Increased fragmentation of nuclei in HdCDT-intoxicated fibroblasts. (A) Control or HdCDT-treated IMR-90 cells were fixed at different time-points upon intoxication and stained with DAPI. Numbers of micronuclei versus nuclei were calculated using the OSIS Scan R software.
Approximately 1000 nuclei were calculated for each sample. Error bars represent the S.D. of three separate experiments. (B) Eight days after the HdCDTintoxication IMR-90 fibroblasts were fixed and stained with anti-53BP1 (red) and anti-␥H2AX (green) antibodies and DAPI (blue).
To assess cell proliferation after HdCDT intoxication, we next examined BrdU incorporation by immunohistochemical staining, and DNA profiles by flow cytometry. In comparison to non-treated controls, HdCDT-treated cells examined during 8 days after intoxication showed rapid and dramatic decrease of BrdU incorporation, from days 2-3 onwards, consistent with a long-lasting cell cycle arrest. The decrease of BrdU incorporation was about 10-fold: from approximately 50% to 5%, and from 24% to 1% for U2-OS and IMR-90 cells, respectively. The flow cytometry profiles indicated that the arrested cells accumulated mainly in G2-phase (not shown), which is in agreement with previous reports
HdCDT induced senescence-like phenotype in normal and transformed cells
Cells intoxicated with HdCDT express pro-inflammatory cytokines
The cellular senescence state in other scenarios is often accompanied by changes in secretory phenotype, referred to as senescenceassociated secretome or senescence-messaging secretome [43] , and including expression and secretion of several cytokine species. course of toxin-induced senescence in BJ and U2-OS cells (Fig. 5) [20, 21, 23, 24, 33, 34, 39, 40, 42, 44] [20, 21] . DNA breakage and activation of the ATM-p53 signalling axis have already been reported for intoxicated cells resulting mostly in apoptosis [13] , and attributed to the DNase-like activity of CDTs [8, 9] [24, 44, 45] , and replicative senescence [23, 45] [53] . The notion of genotoxic effects of CDTs is also supported by our present data on micronucleation (chromosomal aberrations) and activation of the senescence barrier known to be evoked by activated oncogenes and observed in a wide spectrum of early cancerous lesions [20, 21] .
Utilizing RT-PCR profiler assay 'Common cytokines' (see 'Material and methods'), we compared the mRNA levels of different
Fig. 3 Activation of cell cycle inhibitors after HdCTD intoxication. (A) U2-OS p53DD cells were treated with HdCDT in the presence (p53DD OFF) or the absence (p53DD ON) of tetracycline (Tet off system) and lysed at different time-points after the intoxication. Cell extracts were separated by SDS-PAGE and analysed by Western blotting with anti-p53, anti-Pp53 (Ser15) and anti-p21 antibodies. GAPDH expression was used as a loading control. (B) Immunoblot analysis of cell lysates prepared from HdCDT-intoxicated IMR-90 fibroblasts after different timepoints. Untreated cells were used as negative control (CTR). Blots were probed with anti-p21, anti-p16 and anti-Rb as indicated; GAPDH was used as a loading
In [54] . We believe that our study contributes to the emerging debate on such potential genotoxic and tumorigenic effects of chronic bacterial infections, an issue of broad medical and social concern.
